We analyzed dose-dependent effects of vancomycin on wound infection bacteria and investigated the relationship between dose and microbial imbalances in patients treated with intrawound vancomycin powder during spine surgery. Numerous trials have confirmed that using intrawound vancomycin powder during spine surgery may decrease postoperative wound infection rates. However, potential risks include changes in wound infection bacteria, inhibition of bone fusion, and systemic toxicity. We searched PubMed for articles published since October 2016 with the following terms: "local vancomycin" or "intrawound vancomycin" or "intraoperative vancomycin" or "intrawound vancomycin" or "topical vancomycin" and "spinal surgery" or "spine surgery." We also screened the reference lists of included articles for additional studies and extracted data related to dose, infecting bacteria, sample size, infection rate and types, location of spine surgery, and perioperative antibiotics used. Our review includes one prospective and nine retrospecOur review includes one prospective and nine retrospecOur review includes one prospective and nine retrospective studies. Overall, 1 or 2 g local vancomycin powder was used in 2,394 patients. Gram-negative bacteria were dominant in patients in whom 1 g vancomycin powder was used, whereas gram-positive bacteria were dominant in those in whom 2 g powder was used. The exact mechanism underlying this dose-dependent trend remains unclear, although it may be attributed to the pharmacological characteristics of vancomycin. The included studies showed that trends in infection bacteria may change after the use of topical vancomycin powder. In addition, the observed increase in gram-negative bacteria when intrawound vancomycin powder is used has generated considerable attention. The present results differ from previous results but do not provide additional information regarding vancomycin dose and microbial changes in infected wounds. Additional large randomized controlled trials are needed to determine the relationship between vancomycin dose and the types of wound infection bacteria in patients treated with intrawound vancomycin powder during spine surgery.
Introduction
The use of intrawound vancomycin powder during spine surgery to prevent postoperative wound infection is considered to pose no risks. Many articles, including systematic reviews, meta-analyses, and clinical trials, have confirmed that using intrawound vancomycin powder during spine surgery could provide considerable benefits with few side effects [1] [2] [3] [4] [5] [6] [7] [8] . However, some in vitro, animal, and human studies suggest that vancomycin powder inhibits the osteoblast and dural cell viability [9] [10] [11] . Furthermore, some studies have shown that using vancomycin intraoperatively has potential risks, including dose-dependent inhibiting effects and changes in microbial trends [10, [12] [13] [14] . One retrospective study revealed that the intraoperative microbial trends in surgical site infections appeared to be different in patients in whom intrawound vancomycin powder was used during spine surgery than those in patients who did not; however, the investigators did not examine the relationship between the vancomycin dose used and types of infection bacteria [12] . Therefore, we conducted a systematic review of articles that reported results of previous studies on wound infection that reported the characteristics of infection bacteria in patients in whom local vancomycin powder was used. We also analyzed the relationship between the dose used and types of infection bacteria.
Materials and Methods

Search strategy
We searched PubMed for articles published since October 2016 using the combination of the following terms: "local vancomycin" or "intrawound vancomycin" or "intraopera- Table 1 . The inclusion and exclusion criteria for this study
Criteria
Inclusion criteria
The anthropic trials with intrawound vancomycin powder in spine surgery The studies with definite data of using dosage for intrasite vancomycin powder The studies consist of experiment and control groups The trails provide the microorganism stemming from the wound drainage and culture
Exclusion criteria
The irrelevant studies The basic, vitro or animal studies and letters, case reports, and replies The lack of data or indefinite dose of usage The microorganism stemming from the blood or other site and blood or urine culture The articles without completed data the actual dose used, and studies that described the wound infection bacteria. Letters, case reports, replies, and basic or animal studies were excluded. Studies lacking a control group or the exact vancomycin dose used were also excluded (Table 2) . We also collected data related to publication date, investigators, type of study, characteristics of infection bacteria in the treatment groups, dose used, number of patients, location of surgery, wound infection, and type of wound infection.
Results
After completing our literature search, nine retrospective studies [14] [15] [16] [17] [18] [19] [20] [21] [22] (Fig. 1) . The comprehensive messages such as the demographic data, dose, method of application, and so on, were gathered by two independent surgeons ( Table 2) . Results of the analysis suggested a complicated relationship between vancomycin dose and trends among microorganisms causing the infection in the vancomycin group. Overall, 1 or 2 g local vancomycin powder was used in 2,�94 patients, and the total postoperative wound site infection rate was 2.21% (5� of 2,�94 patients). Many bacteria were cultured from the postoperative wound drainage in the 5� patients. Gram-negative bacteria were predominant in the intervention group wherein 1 g vancomycin powder was used. In contrast, gram-positive bacteria were predominant in the group wherein 2 g vancomycin powder was used. Only one retrospective study evaluated the characteristics of the wound infection bacteria following application of intrawound vancomycin powder. However, the investigators did not examine dose- Size, the numbers of wound infection and size of sample in study group; LOE, level of evidence; NR, not reporter (standard prophylactic IV antibiotics); MRSA, methicillin-resistant Staphylococcus aureus; IV, intravenous.
dependent microbial changes. Our systematic review results did not provide any evidence related to the exact mechanism underlying the dose-dependent trends of these microorganisms. The most likely mechanism may be attributed to the pharmacological characteristics of vancomycin powder. Thus, the lack of randomized controlled studies containing sufficient sample sizes to explore the relationship between the dose and secondary infection in patients treated with intraoperative vancomycin powder may have caused a misunderstanding with respect to aspects such as which method of administration is suitable or whether there is dysbacteriosis from the infected wound in patients in whom intrawound vancomycin powder is used.
Discussion
The efficacy of using intrawound vancomycin to prevent postoperative wound infections following spine surgery has been confirmed by previous studies, and most investigators have reported no side effects that could be attributed to the local application of vancomycin powder. With regard to the incidence of postoperative wound infections following various spine surgeries, excluding those for spine tumors, no significant differences between the intervention and control groups have been confirmed. At the same time, pharmacological theory and clinical studies have indicated that a 1,000-fold greater local concentration of vancomycin powder can exist in the wound without any harmful systemic effect, and the intrawound concentration was greater than the minimum inhibitory concentration (MIC, 2 µg/mL) for methicillinresistant Staphylococcus aureus (MRSA) [22] . However, the potential risks cannot be ignored, although no clinical complications that could be viewed as direct side effects in a substantial number of people treated with vancomycin powder during spine surgery have been reported. After reviewing the current literature, we identified the following potential risks and side effects of the prophylactic administration of intrawound vancomycin powder that should be considered [9, 10] .
Does the application of intrawound vancomycin have side effects?
It is accepted that administration of local vancomycin powder can reduce the incidence of postoperative wound infections without causing any side effects. This protective effect in wound site could be attributed to a high drug concentration in the operative incision with undetectable systemic toxic concentrations in the bloodstream, which inhibit the bacteria or kill the bacterial growth. Sweet et al. [22] analyzed vancomycin levels in the serum and wound on postoperative days 0-�. The local levels were up to a 1,000-fold higher than MIC for MRSA, whereas the systemic levels were undetectable. No complications or adverse outcomes that could be directly attributed to the local application of vancomycin were identified. Thus, Sweet et al. [22] concluded that local administration of vancomycin powder can reduce the postoperative wound infection rate following posterior instrumented thoracolumbar spinal fusion. In addition, potentials risks, such as pseudarthrosis, cerebrospinal fluid leakage, hypotension, and renal toxicity, were not observed in the population receiving intrawound prophylaxis with vancomycin powder. Other clinical trials also indicated that the local application of prophylactic vancomycin powder did not lead to side effects or clinical complications [15] [16] [17] 20, 21] . However, an in vitro study performed by Eder et al. [1�] strongly suggested that topical administration of vancomycin powder influences bone healing in spinal fusion. In addition, Goldschmidt et al. [10] confirmed that use of local vancomycin can induce human dural cell death, inhibit growth, and alter cellular morphology in a concentration-dependent manner. Mariappan et al. [24] speculated that the absorption of local vancomycin powder caused an anaphylactic reaction resulting in circulatory collapse in one patient in whom 1 g vancomycin powder was used during spine surgery. Although the studies included in our systematic review suggested that local administration of vancomycin powder during spine surgery did not generate side effects or clinical complications, the investigators also emphasized caution when using topical vancomycin for this purpose. Therefore, the safety of intrawound vancomycin powder used during spine surgery should be verified by a substantial number of in vitro and clinical experiments.
Does the application of intrawound vancomycin cause any microbial changes?
Applying intrawound vancomycin powder during spine surgeries can change microbial trends among wound infection bacteria. Microbial changes were observed in hu- were from the lumbar spine (n=�5, 67%), followed by the thoracic (n=10, 20%) and cervical (n=6, 1�%) spine. However, we did not investigate the details related to the relationship of the local vancomycin powder dose and type of wound infection bacteria. Our review revealed a pronounced difference between the two subgroups.
�he characteristics of the subgroups in this system� . �he characteristics of the subgroups in this system� �he characteristics of the subgroups in this system� atic review
With regard to the types of wound infection bacteria in the populations that received prophylactic intrawound vancomycin powder, there were obvious differences between the groups wherein 1 and 2 g powder was used. The numerous inclusion and exclusion criteria used in this systematic review resulted in 10 studies to include in our review. These studies were divided into two subgroups based on whether they used 1 or 2 g intrawound vancomycin powder.
1) Wound infection bacteria in the subgroup receiving 1 g vancomycin powder Three articles were included in the 1 g vancomycin group: two had a LOE of � [15, 17] and one had a LOE of 2 [2�]. The postoperative wound infection rates were 1.61% (7 of 4��), 0.9% (1 of 117), and 5.5% (15 of 275) in the studies by Tubaki et al.
[2�], Dennis et al. [17] , and Gaviola et al. [15] , respectively. The primary infection bacteria were gram-positive microbes (Fig. 2, Table 2 ). It is noteworthy that the intravenous (IV) antibiotics used in the perioperative period were different (cefuroxime, cefazolin, and cefotetan, respectively).
It is unclear whether the use of intrawound vancomycin powder during spine surgery can change microbial trends among bacteria. Coagulase-negative Staphylococcus sp. were confirmed by Dennis et al. [17] in the treat- [17] in the treatin the treatment group (1 g IV cefazolin and 1 g topical vancomycin powder). In that retrospective cohort comparative study, among all patients who underwent instrumented spine surgery at a single institution, Pseudomonas sp. (�5.2%) and MRSA (22%) were found in the control group where in 1 g IV cefazolin alone was used. That study concluded that P. aeruginosa was the most common organism detected in the vancomycin group. Thus, Tubaki et al.
[2�] revealed two S. aureus and one Klebsiella sp. infections in the control group compared to one S. aureus and two Klebsiella sp. infections in seven patients who suffered a bacterial infection, including patients in the vancomycin group in whom 1 g intrawound vancomycin powder was placed directly on the muscle, fascia, and subcutaneous tissues without exposing the bone graft or dura (1 g local vancomycin powder plus standard cefuroxime). These results seemed to demonstrate few changes in microorganisms based on whether vancomycin was used. In contrast, coagulase-negative Staphylococcus was the only bacteria isolated from deep wound drainage in the treatment group (0.9%, 1 of 117). In a study of patients who underwent high-risk multilevel spine fusion surgery, Gaviola et al. [15] found no significant difference in the trends among bacteria detected between the groups wherein IV cefazolin plus topical vancomycin and IV cefazolin alone were used. However, the study did not address high-risk factors and changes in microorganisms and the use of vancomycin powder during spine surgery.
2) Wound infection bacteria in the subgroup receiving 2 g vancomycin powder Seven studies included in the subgroup reported the use of 2 g vancomycin intraoperatively, including two with a LOE of 2 [14, 21] and five with a LOE of � [16, [18] [19] [20] 22] . Types of operations performed in this subgroup were cervical fusion, lumbar surgery, and spine deformity surgery.
Sweet et al. [22] reported the largest retrospective comparative cohort study, with 911 patients undergoing posterior thoracolumbar instrumentation fusion or other surgeries in whom standard prophylactic IV cephalosporin and 2 g intrawound vancomycin powder were used. Two deep wound infections occurred in the vancomycin group (n=2, 0.2%), and Clostridium septicum and Escherichia coli were cultured from the wound drainage. The investigators hypothesized secondary seeding without a clear indication of the other infection site [22] . In a study concerning patients undergoing cervical fusion with the routine local application of IV cefazolin plus 2 g intra-IV cefazolin plus 2 g intracefazolin plus 2 g intraoperative vancomycin powder, Strom et al. [21] reported postoperative wound infections in 79 cases (2.5%, n=2). MRSA and gram-negative rods were confirmed by the investigators for infected populations in the vancomycin group. Lee et al. [16] reported one staphylococcal (MRSA) and four nonstaphylococcal infections in the study group (i.e., those in whom 2 g vancomycin powder plus standard prophylactic IV antibiotics were used), and they also dem-IV antibiotics were used), and they also demantibiotics were used), and they also demonstrated a statistically significant difference in the total and staphylococcal infection rates (p=0.028 and p=0.041, respectively). However, this study did not confirm differences in the wound infection bacteria between the control and treatment groups.
Notably, Martin et al. [14, 18] reported different rates of wound infection, with roughly similar results from cultures (gram-positive cocci and gram-negative rods) obtained from wound drainage in patients receiving IV cefazolin who underwent posterior cervical fusion surgery (5.2%, 6 of 115) and those who underwent posterior spine deformity surgery (5.1%, 8 of 156) treated with IV cefazolin in the perioperative period. In addition, multiple organisms were observed in several studies, but they were not described definitively in patients undergoing cervical fusion surgery.
Theologis et al. [20] reported a retrospective cohort analysis of 151 patients undergoing adult deformity reconstruction in whom standard prophylactic IV vancomycin plus 2 g vancomycin powder were used. Their comprehensive analysis confirmed lower costs and a lower incidence of wound infection. Unusual bacteria, such as Corynebacterium sp., MRSA, C. freundii, and E. coli, were cultured from the wound drainage. However, no additional details were disclosed because their main aim was to investigate the effectiveness of decreasing wound infection rates and the benefits of reducing health costs; the cause of the secondary infection happened to be wound infection even in patients who were treated with intrawound vancomycin powder.
Suh et al. [19] compared a treatment group (2 g vancomycin powder plus IV cephalosporin) and a control group wherein IV cephalosporin alone was used and reported no pronounced differences in the erythrocyte sedimentation rates or C-reactive protein concentrations (p=0.004) [19] . Two postoperative contaminated results of culture from the surgical drains showed Enterococcus raffinosus and S. warneri.
Thus, our findings suggested the following: the primary wound infection bacteria were gram-negative bacteria, followed by gram-positive bacteria in patients treated with 1 g local vancomycin powder during spine surgery. In contrast, gram-positive bacteria were predominant in the subgroup treated with 2 g vancomycin powder. However, the relationship between the pathogen and dose used remained unclear.
Advances in dose�dependent effects on postoperative wound infections in spine surgery
Many meta-analyses to date have provided high-level evidence that local administration of vancomycin powder can reduce the incidence of postoperative wound infection with no side effects, including secondary infection, attributable to the local vancomycin powder. However, at the same time, the investigators also emphasize underlying risks, including pseudarthrosis, deep vein thrombosis, systemic toxicity, dose-dependent effects, and changes in microbial trends. Ghobrial et al. [25] investigated the microbial trends in postoperative spine wound infections in patients who had been treated with local vancomycin powder (average dose, 1.1� g; range, 0.5-6 g). Regarding positive wound cultures, 51 infections were detected by means of bacterial culture in the treatment group wherein intraoperative vancomycin powder was used (infected rate, 5.2%; 51 of 981). Notably, nine patients with spine trauma showed positive results in cultures obtained from the wound drainage. The investigators reported that the incidence of gram-negative or polymicrobial infections was increasing along with the use of intraoperative vancomycin powder in spine surgery. However, few studies have investigated the relationship between demographic data and positive cultures or the dose-dependent trends of microbial contamination. Later, Ghobrial et al. [12] also investigated complications following the use of local vancomycin powder during lumbar surgery and explored the effect of dose on those complications. Based on their analysis of 14 retrospective and two prospective studies involving 9,721 patients, they revealed an increasing trend for gram-negative bacteria derived from the wound drainage, which may become an urgent problem when vancomycin powder is used intraoperatively. However, the study did not examine dose-dependent trends in microorganisms in the infected population. In addition, only lumbar surgery was included in this study.
In a Lewis rat study, Tennent et al. [26] suggested that lower rate of infections caused by S. aureus in treatment group received IV in�ections of cefazolin along with intra-IV in�ections of cefazolin along with intrain�ections of cefazolin along with intrawound vancomycin powder compared with the Lewis rat accepted the IV alone after inoculated the implants with S. aureus. They explored the time-dependent effectiveness of vancomycin and provided substantial support for the local application of antibiotics in spine surgery in future studies. Subsequent trials or in vitro experiments should investigate changes in the microbial trends and topical use of vancomycin powder, particularly with regard to higher-risk populations for spine surgery. According to our analysis, the "double-edged sword" of vancomycin powder's effectiveness in various spine surgeries should be considered. The possible mechanism of the dose-dependent effect of vancomycin remains complex; thus, the identification of subgroups for preventing postoperative wound infection and investigating the mechanism of the dysbacteriosis will be the challenges for future studies.
Limitations of this study
Several limitations of our systematic review should be acknowledged. Most studies that met the inclusion criteria were retrospective; only one prospective study was included in this review (a total of 2,�94 patients). Only 5� pa-,�94 patients). Only 5� pa-�94 patients). Only 5� patients were confirmed to have postoperative wound infections, which may have been a source of bias. Moreover, the heterogeneity of the different trials and types of perioperative IV antibiotics used in different studies may influence the rate or microfloras of postoperative wound infection in intervention groups. In addition, all of our included studies were reported only in English and were identified using only PubMed; we did not search other databases, such as Embase, Google Scholar, or Web of Science. Finally, characteristics of wound infections, rate, size, and other data for the control group were not analyzed in this article, as the main purpose was to investigate the dose-dependent changes in microbial trends in the intraoperative vancomycin group. As the above limitations show, many randomized controlled trials to examine time-or dose-dependent effects and high-risk factors relevant to vancomycin's effectiveness must be performed in the future.
Conclusions
Our systematic review revealed that gram-negative bacteria were predominant in the population wherein 1 g vancomycin powder was used intraoperatively. In contrast, gram-positive bacteria were predominant in patients in whom 2 g vancomycin powder was used intraoperatively. However, the mechanism underlying these dose-dependent trends remains unclear. Therefore, future randomized controlled trials with large sample sizes should explore the relationship between vancomycin dose and secondary infections in patients who experience postoperative wound infections even if treated with local vancomycin powder during spine surgery. In addition, they should also examine relationships between high-risk factors, such as the presence of diabetes mellitus and advanced age, and microorganisms in patients undergoing spine surgery. The time-dependent effectiveness of using intrawound vancomycin powder during spine surgery is also an important future research direction.
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